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rOMRATTTN n AIR POLLUTION 

This invention concerns an engine having exhaust apparatus connected 
thereto and a method of converting CO and hydrocarbon in the exhaust gas of an engine 
to CO-, and water in order to combat air pollution. The engine may be a stationary 
engine but is especially a vehicle engine. The engine may be powered by petrol 
(gasoline), diesel, natural gas or other hydrocarbon or oxygenate fuel. The invention will 
be described with particular reference to petrol fuelled engines, but is not to be 
considered to be limited thereto. 

The main pollutants in the exhaust gas of a petrol engine are carbon 
monoxide (CO), hydrocarbons and nitrogen oxides. The amount of these pollutants 
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which is emitted in the exhaust gas imo the air is general* reduced hy means of catalysts 
in ,he exhaust apparatus of the engine. CO is converted to CO, hy a CO oxidadon 
catalyst Hydrocarbon is converted ,o CO, and water by a hydrocarbon oxidation 
catalyst Nitrogen oxides are converted ,o nitrogen by a nitrogen oxides reduction 
catalyst. A so-called three-way oautlys, convert CO, hydrocarbon and nitrogen oxides 
in .his way. Three-way catalysts are composed of a mixture of earalydeally acdve 
materials, one being acdve for the conversion of CO and hydrocarbons and one for me 
conversion of nitrogen oxides. Three-way catalysts are generally based on rhodium 
admixed with platinum and/or palladium. 



As regulations governing the amount of polJutants which may be emitted 
from petrol engines have become stricter, attention has been focussed on the start-up 
phase from ambient temperature. For present purposes, ambient temperature may be 
defined as 25°C. Emissions of hydrocarbons are highest in this phase because the 
hydrocarbon oxidation catalyst has not warmed up to its operating temperature. The 
"light-off temperature is the temperature at which 50% of the pollutant is converted. 
On starting an engine at ambient temperature, the time taken for the hydrocarbon 
oxidation catalyst to warm up to its light-off temperate is significant , and ^ mat time 
a significant amount of hydrocarbon is emitted into the air. The present invention is 
designed to reduce that time and hence reduce the amount of hydrocarbon emitted. 

The invention provides an engine having exhaust apparatus connected 
thereto, which exhaust apparatus contains a CO oxidation catalyst to convert CO in the 
exhaust gas leaving the engine to CO., by reaction with oxygen, and a hydrocarbon 
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oxidation catalyst to convert hydrocarbon in the exhaust gas leaving the engine to C0 2 
and water by reaction with oxygen, by contacting the exhaust gas containing the CO and 
hydrocarbon with the CO oxidation catalyst and simultaneously or subsequently with the 
hydrocarbon oxidation catalyst, wherein the CO oxidation catalyst is of light-off 
5 temperature for CO and/or hydrogen below ambient temperature under operating 

conditions and the engine and exhaust apparatus are adapted so that on starting the 
engine at ambient temperature the exhaust gas contacting the CO oxidation catalyst 
contains sufficient oxygen and sufficient CO and/or hydrogen that the exothermic 
reaction of the oxygen with the CO and/or hydrogen generates enough heat to raise the 
1 0 temperature of the CO oxidation catalyst from ambient temperature to at least the light- 

off temperature of the hydrocarbon oxidation catalyst so that the hydrocarbon oxidation 
catalyst is at a temperature of at least the light-off temperature of the hydrocarbon 
oxidation catalyst 

15 The invention provides also a method of converting CO and hydrocarbon 

in the exhaust gas of an engine to CO, and water in order to combat air pollution, by 
contacting the exhaust gas with a CO oxidation catalyst and simultaneously or 
subsequendy with a hydrocarbon oxidation catalyst, wherein the CO oxidation catalyst 
is of light-off temperature for CO and/or hydrogen below ambient temperature under 
20 operating conditions and the method is conducted so that on starting the engine at 

ambient temperature the exhaust gas contacting the CO oxidation catalyst contains 
sufficient oxygen and sufficient CO and/or hydrogen that the exothermic reaction of the 
oxygen with the CO and/or hydrogen generates enough heat to raise the temperature of 
the CO oxidation catalyst from ambient temperature to at least the light-off temperature 
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of -he h y drocar bon ^ ^ so ^ hydrocarboii oxjdatjon ^ ^ ^ ^ 

I. * ptesen, invention. fc exothemiic ^ ^ ^ ^ ^ ^ 
«-*- anrhien, ttmperature , 0 a( ^ ^ Km ^ re ^ ^ 

-ve^ by fc exhaiJst gas , sometimes suppieirKnK<j ^ ^ ^ ^ ^ 

catalyst or gas, has been necessary to raise tk. 

ary ra.se the temperature to the light-off temper 

■emperatnre f or CX>,, ant, the exothermic reaction ensuing wouM ^ fc 
of the hydrocarbon oxidation catalyst. 



As engines nave deveioped, their mannfacm™ have adapted them so 

>e there is an excess of fuel over the „„;„t„ 

the stotchtometnc ratio (1:14.65) required for firel 

conthusrion. TO „, „« has heen on starting the engine tasufficienl ^ „ 

^.CO,ora.u K ,e mp eratu re ,o,e,igh,off Kmp era,„ re of,heh y d I ocarhon 
°*.auo„cata*, ;i[ has„ecessi B ,edexna heat, us U a„ y compHsing engine hea, to do 
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this Tto amoun, of hydrogen in to exhaus. gas .caving engines in tire pas. has been 
ex.re.nefy sman. We nave found dra. simtiar considerations app.y as for CO; the 

ca^ys, whose «rf - »*— is he.ow ambien, .emperamm under 

op e ra Un B c„^nsc»^raise tet en Vra , m e t o« 1 e«gh M «^,a» m of*e 

hydH) carbon ox*ation ca*> if sufflcien, oxygen and hydrogen is made ,o he presenc 

ta fc present invention, on sorting the engine a, ambien. temperanne. 
the CO oxidation cauiys, hecause to ligh.-off .emperature is befow amhien. 
.e^mre. can — * hegin i B exomemtic reaction. Because mem is sufficien. 
oxyg eu and sufflcien. CO and/or hydrogen, me exomemtic reaction Use* provides 
enough hen. .o hea. up tire exhaus, gas horn an*n. ^ » a. - 
mmperamre of tine hydrocarbon oxidation cauiys.. Engine hea. is a bonus, 
turning*, me hydrocarbon oxidation caafys, reaches » Ugh.-„ff .emperamre 
15 remarkably quickly. 



10 



One can check whether the present exothermic reaction generates enough 

:t 

of the hydrocarbon oxidation catalyst, or whether heat 



f the CO oxidation catalyst from ambient temperature to 
heat to raise the temperature of the CO oxidauon y 



at least the light-off temperature - 
20 ^e.sewhereisa.sonecessar^.odomis.bybHnginggasof.hecompo.tionofme 

exte ..gasbu.a,a ro bie„..e m pem.ure,n.oco„mc,wi.hmeCOox i datio„ca 0l ys.and 

seei ng i, Us .emperamre is raised m .he Hgh,-o« femperamre of .he hydrocarbon 
0 x W atio„ca*, AlK mative,y,oneca„.es.by moving me CO oxidation camiys. and 
t „e hy drocarbon oxidation ca.iys. former away from .he engine; even .hough engine 
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Ind^ , t P SJ,slcm sliU work 

Weed, 1 hep reS e„ t s y s t ™„„ uldstiUworki . 

* if aU ihe engine heal initially carried w ... 
"ha™ «« h °« **n los, „ y tire exhans, ga , 

^^^^^^^ 

— — a. _ not te accomm _ _ — -J 

^^-^---o^tionca^.JT 

catalvstfi.rtH a. the hydrocarbon oxidation 

e neat earned in the exhaust eas f™ m ,k 

gas from the engine and hence a temperate 

by this engine heat. Such a device can be 

th , " 35 3n ° n - board dia g"ostic means so that 

aa.ti^^. Accordtog y ^ 

— 

^ ,,0 "^^ h ~"~ca., ysl , a „ dlh ^ viMisU J £ 

: — — neeo^e^m. It 

— - * - ^erarnre _ by rhe J 
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and this means that by-pass sysfcms and their aasoci.Kdva.ves used in tire pas. in 
arrangements to speed Hgm-off can be avoided. In a prefened embodimen, «he presen. 
exhaus. appamrus contains no by-pass sys,e„c in a preferred en.bodi.nen, ft. appararns 
comata no vaWes. A funher advance is ft. since the hydrocarbon oxidation eatalys, 
rc aches hs operating temperature more rn.ic.dy. hear from me exhaus, gas after the 
catalyst can be user, to hea, the interior of a vehic.e, for instance by means of a heat 
exchange, so tha, the interior warms up more rapidly man when relying solely on 
convention, means, using hea, from rhe radiator. Accordingly, in a preferred 
encoding .he exhaus, appararns contains also means to ose me hea, from me exhaus, 
gas after i, conrac,s me hydrocarbon oxidation catalyst in order ,„ hea, me interior of 
a vehicle. 



in the presen, invention, mere is more oxygen or more CO and/or 

hydrogen on starring me engine titan was disclosed or s„gges,ed in tire pas, with a CO 
oxaationcaulys.whosehgh.-off.empem.me for COand/or hydrogen is below amhien, 

nnder operating conditions. Besides any oxygen in me exhausr gas leaving 
me engine, tire presen, invention preferably employs a secondary source of oxygen. The 
oxygenisconvenfendyair. The secondary source can be an air pump. To provide more 
hydrogen than any in me exhaus, gas leaving me eng.*. a secondary source of hydrogen 
can be enjoyed. This can be fo. example a reformer ,o convert fuel such as 
hydrocarbon, eg m=,hane. or afeohol eg methanol o, ethane., to hydrogen, for example 
hvpartialcomhustion The sou.ee can be for instance a so-called "he-spot" reactor; in 
such a reactor a fuel such as hydrocarbon or memanol is injected wim oxygen into a 
nuss of catalya. so tha, a front of macting gas forms around ,h= injection point ,o form 
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■ * _ To p J ide more ^ ^ My ta ^ ^ 

Mo^orbyd^n^^ 
management system of ^ ^ 

on oe done for instance by suitable 
arrangement of the memory and/or control circuitry on ^ ensi „ 

••■"try on tne engine management "chip" 

'^^^^^^^^^ 

,terval. . feed , ack ^ ^ a measuring device 

— . *e exbaus, gas temperature, for _ at Ihe 
^--^.^an.vamageof^^.^^^ 
temperature feed-back mechanism is unnecessary. 



ft*-*, the CO aspect ratber man rbe bydrogen aspK , „ emp , oyed 
Accordiugly, p.ferably tbe CO oxidauon caralys, „ of Ugb, off Km „ „ 
«~ ambient temperature u „ de r operadng conditions a. tbe engure and .bans, 
appamm^adaptedso^ons^ngrbeen^^^^^^^ 

^exomenuicreacdon of »e oxygen wim tbe CO genera, enougb beat ,„ raise 
- temperarure of me CO oxidadon catalys, from ambiM , ^ ^ ^ 

« remperature of me bydrocarbon oxidation catafys. so ^ lhe 
oxrdauon catalyst is a. a temperature of a, leas, tbe Ugbt-off temperarure of tbe 
hydrocarbon oxidation catalyst 
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~ a a thP exhaust gas contacting the CO 
The amount of CO needed in the exhaust g 

, nfm needed In general, the exhaust 
the hieher the amount of CO neeaeu. e 
higher that temperature, the lugne, 

, ♦ o ^onnarv to the direction in which engine 
gas contacting the CO oxidation cataiyst . contra,, 

Renters have been engines as mentioned above. 

Usua U y . tite exhaost gas coning the CO oxidation cataiys. contains 
* -*»-*.^-«-- — * 
.aCOoxidationcataiy, Otherwise CO and/or hydrogen is emitted into the OI 

^^^^^^^^ 
15 down-stream, catalyst. 

ousted in the engine is lean or near stoichiometric, for instance 
ratio of the mixture combusted mine g 

20 a secondary sonrce - oxygen is emp.oyed ,0 pro.de oxygen to the exhans, gas 

Thc CO oxidation cataiys. is advantageoos-y a,so tite hydrocarbon 
o^ationca^.wh.hcase.eexhans.gascon.cstitems— 
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— «, by tavtog fc „ oxjdan . on _ —~" - - CO „^„ 

— * and fc " - - a ho„e y c„ mo 

<a'y«o„u 1 e rc arpa n „f UlemonoKlh 

Tte exothermic reaction of the 

VVhen the CO oxidati °' 

* tatter ^„ ^ " *< 

automatically at a tP m n 

Carbon oxjdarton catalyst. 

soi . _ th ^^ottcata,^ 

~*> * - to J J " - - - - - 

— ^^r;r*" ox,dason ^ -* * - 

we tu oxjdaoon catalyst tn tho u ^ 
catalyst y t0 ^ h ^ocarbon oxidation 



~, This ; 7T"* 9m *"^"-*-^ 

a de TO „di„ g environniem 

•^peratores, physicaj shocks _ SUCh fe — « hi g h 

f.asflow,^^^ 
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CO oxidation catalysts may be of light-off temperature for CO and/or hydrogen below 
ambient temperature when in a more tolerant environment but not in the present 
situation. In the present invention, the exhaust gas contacting the CO oxidation catalyst 
may contain for instance 1-20% by volume water. It may contain for instance 1-20% 
by volume CO, It may contain for instance 100-2000ppm NO. It may contain for 
stance 100-lOOOOppm hydrocarbon. It may contain for instance 0.2-20ppm SO, In 
this specification, ppm means parts per million by volume. 

Preferably the CO oxidation catalyst is of positive order kinetics with 
respect to CO in its oxidation reaction. This contrasts with typical catalysts for exhaust 
systems, which are of negative or zero order. For a catalyst with negative order kinetics 
with respect to CO, increasing the CO concentration would decrease the rate of CO 
oxidation at temperatures below the light-off temperature. For a catalyst with zero 
order kinetics with respect to CO, increasing the CO concentration would leave 
unchanged the rate of CO oxidation at temperatures below the light-off temperature. 
The consequence of negative or zero order kinetics is that additional CO would not 
cause a larger exotherm over the CO oxidation catalyst until after the catalyst has lit off, 
so that at temperautres below light-off temperature, higher CO levels would not cause 
an increase in the reaction rate or heat generated. However, for a catalyst with positive 
order kinetics with respect to CO, an increase in CO concentration would lead to an 
increase in reaction rate, and thus in heat generation. Hence such a catalyst is 
advantageous in the present invention where there is sufficient CO and/or hydrogen, for 
stance by increasing their amounts by engine management, that the exotherm generates 
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enou gh heat to raise the temperature from ^ ^ ^ ^ 

temperature of the hydrocarbon oxidation catalyst. 

Materials suitable for use as the present m „vh * 

Present CO oxidauon catalyst or 

«— caaSysl which ^ off Wow ambjeni Kmj)eraiuie ^ 

off chaotic can be ascenained by Ksti „ g . fc . ^ ^ ^ 

a— catal*. „ . calaJyst ^ ^ fa jiierac[ion ^ ^ 
- ot^ tetnperanne for CO ^ h yu , ogM Wow ^ ^ 
opening co nditi „ ns a*, which „ composed of metal oxide pardcfes ^ wMch „ 

t— «* «*. TOI partcles and ^ meB1 ^ para . ctes ^ ^ ^ 

p™„, k ^ ^ fomation of ^ vacMcte on ^ ^ ^ 
— a, a .emperamm lower dMS ^ cOTespondjng ^ wiihmt ^ 

-duchon p..^,, «^ to Mme amomt Qf ^ ^ oxide ^ ^ 
no* meta, ^ _ „ by fc ^ oxjda ^ ^ ^ 

— r~ and cat™, „ ^ „,« fmm ^ fc ^ ^ ^ ^ 

high imeraction catalyst has an extremely high decree „f i„, ■ v 

y mgn degree of interaction between the noble 

mem, panicles ana the meta, oxide p^, This ^ „ f ^ ^ ^ 

of this degree of inaction ate described for Instance In European paten, specific^ 
O02865A, Ure contents of which are Incorporated herein by reference. The tnetal oxide 
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preferably comprises one or more of Ce0 2 , ZK> 2 , Ti0 2 and Sn0 2 , especially Ce0 2 . The 
high interaction catalyst usually contains 0.1 to 30% by weight of the noble metal 
particles based on the total weight of the noble metal particles and the metal oxide 

particles. Alternatively, other catalysts which have a high degree of interaction between 

noble metal and an intermixed metal oxide can be employed. 

The CO oxidation catalyst preferably comprises (ie consists of or 
includes) one or both of platinum and palladium, and hence the noble metal in the high 
interaction catalyst preferably comprises one or both of platinum and palladium. It will 
be appreciated, however, that the platinum and/or palladium are not in an environment 
as was commonly employed to treat engine exhaust gas but in an environment in which 
their CO light-off temperature under operating conditions is below ambient temperature. 

So as to be able to treat also nitrogen oxides in the engine exhaust gas, 
the exhaust apparatus usually contains also a catalyst to reduce nitrogen oxides in the 
exhaust gas to nitrogen. The catalytically active material for this usually comprises 
rhodium. Conveniently, a three-way catalyst is employed, which treats the CO, 
hydrocarbon and nitrogen oxides. Advantageously, the present CO oxidation catalyst 
is a three-way catalyst. 

In a preferred embodiment, the exhaust apparatus contains at least one 
(usually one or two) separate, three-way, catalyst, to convert CO in the exhaust gas to 
C0 2 by reaction with oxygen, hydrocarbon in the exhaust gas to C0 2 and water by 
reaction with oxygen, and nitrogen oxides in the exhaust gas to nitrogen. In this way, 
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•he presen, CO oxidation ca Bly s, and hydrocarbon oxidatio „ ^ ^ ^ ^ ^ 
aching on to en8ine , and fc ^ ^ ^ cata|yst M ^ ^ ^ ^ 

as the main catalyst. 



Any of ,he catiuysa discussed above in relation ,o tire presen, invention 
can be fon.nia.ed in me uauai way. UsnaHy.be ca.aiys, comprises 
manorial on a support whicb is generafly a refractory men. oxide, for insure ah™™ 
In ,he case of.be high interaction caaiys, tire nobie «, is aiready in ad.ix.ure witi, 
men,, oxide, so a separa* support may no. be needed. The s „ ppon shonI(f prefcraWy 
be of high surface area. eg grearer man 2<W/g. The aaSydcaUy acdye ^ 
optional on a snppon. is preferab.y canicd on . cmKT fa ^ fcy ^ ^ 
on a gauae bn. preferabiy by being carted in dre channeis of a honeycomb monoUm 
through which me exhausr gas flow, -n,e mo nolilh can be mend or ceramic. 
Advamageousiy. any of me ca,a, y s,s. and ureir carters are of ,„w Urermal mass. 



The presen, memod. a*, engine and exhausr apparam, are usuafly such 
«ha, ,he ratio o, tire voiume o, me CO oxidation caraiysr and any carter .hereof (for 
ins-ance a honeycomb monohm, .o .he engine dispiacenen, is ,ess ,ha„ 3. p re ,era bly lcss 
- especiany feas man 0. 1 This is a measure „, rhe ph y s iC a, siae of me candy,, and 
carter needed, eg in a can or in a box in me exhaus. appannus. 



The exhausr apparams preferably coma™ also a hydrocarbon trap which 
•raps hydrocarbon in me exhaust gas a. iower remperarures and reieases i, a, higher 
■emperamres ,o conuc, to hydrocarbon oxidation caraiys, pre,erab Iy ,„ comae, aiso 
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te CO oxidabon can** >n -his way. hydrocarbon can be srored while Ore exobnermic 
teacrion on rbe CO oxidabon ca,a>ys. hea* up «he hydrocarbon oxidabon candy*, and 
^ hyarocarbon reused when .he hydrocarbon oxidabon cara,ys t can beuer near rhe 
hydr cca,bon. The hydrocarbon nap is prcferabiy up-stfeam of rhe hydrocarbon 

^bon bap and caraiys, can be adnrixed or dre bap can be a laye, above or below 
^ofcaraiysr. Hydrocarbon .rap malaria* are icnown in ihemseives. UsuaUy.rhe 
h^ocarbon .rap comprises a aeolile. A suilable aeon* is an ion-exchanged aeon*, 
such as Co/ZSM-5 or PbZSM-5, bu, onrer ma.eriafc including in.paegna.ed aeoii.es and 
non-n.bdUsed aeohres. ma, be nsed. Preferred hydrocarbon bap maKrials are .hose 
wU ch have a bappL,g enec. aiso on nibogen oxides (panicmariy NO), so - U.ey .00 
„ „apped a. .owe. .emperannes and reieased a. higher .emperarures. T*e 
h y d ,oca,bon r,ap can comprise me maleriai .mown as sdicaii. as a cos.-effecdve 
hydrocarbon trap material. 
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„ is desirable mar when *e engine is srarted a. ambien. .emperamre, *e 
CO oxidabon caulys. is no. exposed .0 suffcien. concenbabons of hydrocarbons and/or 
„ oxides <pa,hcu,ariy NO) ma. d. CO oxidabon is inhibbed and hence Ughr-off 
^yed. The hydrocarion nap discussed above and me CO oxidabon caulys, can drns 

W .„ ft. exhans. gas up-sneam of an inula! ca,alysr wi.h a view .0 boproving dre 
puriBcabon ofexhans. gas during cold engine *an-up periods. In .he presen, invenbon, 
it is much preferred to fuel be no. added to .he exhaus. gas. 
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We have found that it ca „ ^ advanta8e<)us (o swep ^ 
« heatet, „ ovw fc co MidadM ^ ^ ^ ^ 

may be H 2 0 (water vapour), CO, NO nr h a 

J ' 2 ' wu or hydrocarbon Henre mo 

nence, in a preferred 

catalyst. After such pre-treatment, the catalyst can have enhanced catajytic activity for 
on^theen^asas^,^ 

otherwise. 



^ eXtaUS '~P^con.i„sn»a„ slodry , orkeepdiy|lie 

drying can be done bv the « u „^ ^ f 

uiic oy tne sweep of gas discussed above. 



V means to sweep m or ,„ ^ ca „ ^ ^ ^ ^ 
• 0 ^~o fg a, ns0 a 11 yai I . 0 v„ t heca al y, prcferablyaf , er 

e " 8faC - * — * - * —WC. Anvanta^y 

hea, for i„ SBnce lha| ^ , o fc Mtausi waraius ^ ^ so 

that the air employed is heated. 
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The exhaust apparatus preferably contains also a water trap to trap water 
on starting the engine at ambient temperature before the water can contact the CO 
oxidation catalyst. The presence of water can adversely affect the operation of the CO 
oxidation catalyst and particularly the hydrocarbon trap. The water trap is preferably 

5 up-stream of the CO oxidation catalyst, and preferably up-stream of the hydrocarbon 

trap if such is employed. Alternatively, the water trap can be admixed with the CO 
oxidation catalyst and/or the hydrocarbon trap, or a layered arrangement can be 
employed. The water trap preferably comprises a water trapping molecular sieve, such 
as zeolite 5A, although zeolite 3A, 4A or 13X may be used. Most zeolites preferentially 

10 adsorb water in comparison with their adsorption of hydrocarbon, but in general the 

smaller pore size zeolites are preferred. The water trap and the hydrocarbon trap may 
also comprise the same material. 

In a preferred embodiment, the water trap is dried by the means to dry 
15 discussed above. In this embodiment, the means to dry can incorporate a secondary 

water trap to dry gas, usually air, from a gas pump for the purpose of drying the main 
water trap. The secondary water trap can be dried or regenerated during engine 
operation by utilising waste heat, for instance from the engine, eg with a relatively low 
flow of gas from the pump. 



20 



In the past, a CO oxidation catalyst has been positioned, in the so-called 
close-coupled position close to the engine, generally 20-30cm from the outlet of an 
engine manifold, as measured by gas flow length. This is because engine heat has been 
necessary to light off the catalyst. In the present invention, such engine heat is not 
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necessary. Accordingly, Cue ,o H. sub-ambien, temperature oxidatjon ^ ^ 
presen. CO oxidation catalyst can be positioned anywhere in the exhaust svstem rathcr 
than having .0 be in a close-coupfed posidon. This is a great advance. „ mea„ s te 
.he catalyst „«d no. be in the very rcst ricted space for the engine in a vehicle; insKad, 
the catalyst can be coder the vehicle floor. The caWys. is preferably at leas, 50cm, for 
insrimce at least 1 metre, bn, usually less than 10 metres, generally less than 4 metres, 
as measured by gas flow ,ength, from the exit of the exhaust gas from the engine, for 
instance from the outlet of an engine manifold. Because i, can be remote from the heat 
generated by the engine, the catalyst need not be so thermally durable. Preferably, the 
maximum temperature to which the present catalyst is subjected in the invention is !ess 
than 950-C, preferably less than 850'C, especiauy less than 700'C, pardcularly .ess than 
500-C. Bypass apparatus can be present around the present apparatus so that it does 

oxidation catalyst, but any valves operating such apparatus can be subject to iower 
temperatures by being more temote from the engine. When secondary air injection up- 
streamof the CO oxidadon catalyst is employed, as is prefe^d, this similarly need no. 
be in the engine space bu, can be more remote. A further benefit of me CO oxidadon 
calalys. being remote is that possible problems of it interfering with the performance of 
a separate main, dvee-way, catalyst can be avoided. ,„deed, in a parucularly i„ ttr e snng 
embodiment of the present invendon the present CO oxidation catalyst is dow„. stre am 
of a three-way catalyst 

Similarly, other devices whose position depends on the CO oxidation 
catalyst such as the hydrocarbon oxidation catalyst, a hydrocarbon trap, a water Tap. 
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means to sweep gas or means to dry the CO oxidation catalyst as discussed above, can 
all be remote from the engine and hence subject to lower temperatures. The lower 
temperatures can enable the water trap to trap water longer and the hydrocarbon trap 
to trap hydrocarbon longer. 

5 

The CO oxidation catalyst does not depend essentially on heat in the 
exhaust gas leaving the engine on starting the engine at ambient temperature in order to 
reach the light-off temperature of the hydrocarbon oxidation catalyst. Consequently, this 
initial heat can be used for other purposes, for instance to heat the interior of a vehicle, 

10 usually by means of a heat exchanger to transfer heat from the exhaust gas to air passing 

into the interior. Accordingly, in a preferred embodiment, the exhaust apparatus 
contains also means to use the heat from the exhaust gas before it contacts the CO 
oxidation catalyst in order to heat the interior of a vehicle. In this way, the interior of 
a vehicle can be more rapidly warmed up than when relying solely on conventional 

15 means, using heat from the radiator. Alternatively, or in addition, the initial heat can be 

used to heat up engine oil more quickly, leading to more efficient operation of the 
engine. Taking heat from the exhaust gas before it contacts the CO oxidation catalyst 
can also be advantageous in thus reducing the maximum temperature to which the 
catalyst is exposed. However, the initial heat in the exhaust gas can be used to help raise 

20 the temperature of the CO oxidation catalyst or the hydrocarbon oxidation catalyst to 

the light-off temperature of the hydrocarbon oxidation catalyst, so using this initial heat 
for other purposes must be balanced by the need to achieve hydrocarbon light-off in the 
time desired. 
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The light-off temperature for CO and/or hydrogen of the present CO 
oxidation catalyst is below ambient temperature. This is much below the light-off 
temperature of current commercial CO oxidation catalysts in engine exhaust apparatus, 
which is usually about 150°C or more. A system analogous to that of the present 
invention but employing a CO oxidation catalyst whose said light-off temperature is 
below that of the current commercial catalysts but above that of the present catalyst 
would have some of the advantages of the present invention but not all, since some heat, 
such as engine heat, would be necessary to raise the temperature of the catalyst to its 
light-off temperature. 

The present invention may be applied to engines in general whose exhaust 
gas contains CO and hydrocarbon. It is applicable to lean burn engines, for instance 
diesel engines. Preferably the engine is a petrol (gasoline) engine. The engine is 
preferably that of a vehicle. 

The present method, and engine and exhaust apparatus, are remarkably 
effective in converting hydrocarbon in the cold start-up period. Usually they lower the 
total amount of hydrocarbon emitted from the exhaust apparatus in the first 50 seconds 
after starting the engine at ambient temperature by a factor of at least 2, preferably by 
a factor of at least 5, compared to the amount emitted by the engine without the present 
exhaust apparatus. Usually the total amount of hydrocarbon emitted in the first 100 
seconds after starting the engine at ambient temperature is less than 0.4g, preferably less 
than O.lg, especially less than 0.04g. 
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The invention is illustrated by the following drawings, in which: 

Figure 1 is a schematic diagram of a preferred engine and exhaust 
apparatus according to the invention; 

Figure 2 is a graph of exhaust gas temperature against time in a test; 
5 Figure 3 is a graph of the conversion of three pollutants against time in 

the test, using a commercially available catalyst; 

Figure 4 is a graph of the corresponding conversion using a catalyst 
which can be used in accordance with the present invention; 

Figure 5 is a graph of the corresponding conversion using the same 
1 0 catalyst but not dried; 

Figure 6 is a graph of the corresponding conversion using a lower amount 
of CO in the feed; 

Figure 7 is a CO reaction order plot for CO oxidation over the 
commercially available catalyst; 
15 Figure 8 is a corresponding plot for the present catalyst; 

Figure 9 is a graph of CO in grams against time into a United States 
Federal test for the commercially available catalyst; 

Figure 10 is a corresponding graph of hydrocarbon against time; 

Figure 1 1 is a graph of CO in grams against time for the same catalyst 
20 after drying in the same test but with a higher amount of CO and 0 2 in the feed-gas; 

Figure 12 is a corresponding graph of hydrocarbon against time; 

Figure 13 is a graph of CO in grams against time for the present catalyst 
after drying in the same Federal test except for an additional air source; 

Figure 14 is a corresponding graph of hydrocarbon against time; 
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Figure 15 is a graph of CO in grams against time for the same catalyst in 
the same test but with a higher amount of CO and O, in the feed-gas; 

Figure 16 is a corresponding graph of hydrocarbon against time; 

Figure 17 is a graph of CO in grams against time for the present catalyst 
positioned further from the engine; 

Figure 18 is a corresponding graph of hydrocarbon against time; 

Figure 19 is a graph of CO in grams against time for the present catalyst 
having up-stream a hydrocarbon trap and up-stream of that a water trap; 

Figure 20 is a corresponding graph of hydrocarbon against time; 

Figure 21 is a graph of exhaust gas and catalyst temperature against time 
for the commercially available catalyst; 

Figure 22 is a graph of exhaust gas and catalyst temperature against time 
for the present catalyst; 

Figure 23 is a graph of % CO conversion against time for a different 
catalyst used in accordance with the present invention; and 

Figure 24 is a corresponding graph of % hydrocarbon (HQ conversion 

against time. 



Figures 2-24 are described more fully in the Examples which follow. 
Referring to Figure 1, exhaust gas from an engine is passed to exhaust apparatus 
containing a water trap {eg a molecular sieve), a hydrocarbon trap (labelled HC trap in 
the diagram) and a combined CO oxidation catalyst/hydrocarbon oxidation catalyst of 
light-off temperature for CO below 25°C. The water trap, hydrocarbon trap and 
catalyst are dried before each engine start-up, by an air pump which takes ambient air 
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and passes it through a second molecular sieve water trap {eg zeolite 5A) which is 
heated by residual engine heat and which continues to operate after switching off the 
engine. The secondary molecular sieve is itself dried during normal engine operation by 
the combination of residual engine heat and a flow of air from the air pump, and after 
switching off the engine, the secondary molecular sieve and pump provide hot dried au- 
to dry the water trap, hydrocarbon trap and catalyst. In this arrangement, at least one 
additional catalyst, which can be for instance a three-way catalyst can be incorporated 
into the exhaust apparatus up-stream or down-stream of the combined CO oxidation 
catalyst/hydrocarbon oxidation catalyst. 

The invention is illustrated by the following Examples. 



EXAMPLE 1 AND COMPARATIVE FYAMPT ] 



Two car exhaust catalysts are each coated onto a conventional, 
cordierite, honeycomb monolith (a "brick") having 400 cells per square inch (6.45 square 
cm). The volume of catalyst and monolith was 0.7 litre. The catalysts were tested in 
a synthetic, lean, gas mixture of composition: 
NO 500ppm 
C 3 H 6 400ppm 
C 7 H 8 (toluene) lOOppm 
C0 2 1d% 
H 2 0 10% 
0 2 3% 
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CO 



4% (reduced to 0.5% at time = 200 second into the run) 
balance 

as described in European specimen 602865A. The other cataly*, ased for 
comparison, is a commenriaUy avai,ab,e .ow B ghMff catalyst ^ ^ ^ 
iobnson Marihey PLC , a„ d consists of Pd and p , „„ ,„ ^ ^ 

contains 8% by weight Pd and 2% by weight PL 

A light-off experiment is conducted as follows: 
A. the Stan o, the experiment, the caaiys, is b.anteted by argon flow a^ the 

«. the synthetic exhaust gas mixture is introduced to the reactor at a gas houriy space 
vcocity of 30,000. ^ remperature of the hue, exhaust ga s is ramped „ sbown „ 
figure 2. After .aching approxima ttl y 350'C, the re ac,or is he.d a, ma, .emperauare 
for approximate* 5 minu.es, after which me exhaus, gases are removed from m e feed 
andmereacoriscooieddowninaflowofdryair. After me ca,a,y S , reach e S 30.C me 
feed gas is switched back ,o argon and ,he experiment is repeal in a second run 
figures 3 and 4 show the hghfof, rcsulB over me ,wo ca-aiys, formulatio „ s „ fc 
second run. Rgure 3 <Comparadve Examp.e , ). giving „ e resu|ls for fc 

shows ma, me CO and hydrocarbons Hgh, of, (a conversion figure „,0.5) as 
a group a, approximafciy 19 0-200 seconds tnto me run. Figure 4 (Examp,e .,. giving 
■he resufts for ,he ptesen, caaiys, under idennca, condiuons, shows Uta, i, hgh,s off 
almost ins.nfly, co „ venin8 all of the ^ ^ ^ ^ Qf ^ ^ 
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lately after they have been induced .o the reactor. This DM. mar the 
present catalyst, when used with the present light-off stratesy, produces remarkably fas. 
light-off. 

rw 1 f" g 2 anp CQMEAEAHyE FXAMPI.E 2 

Figures 5 and 6 show the results from two light-off tests over die present 
calal yst earned out in the tnanner described in Example 1 except as noted, figure 5 
(Example 2) shows the results of the firs, run using the catalyst ftesh. Figure 6 

the second run but ate again cooling the catalyst in dry air. In this run. all reactor 
conditions wete kept ft. san* except that the CO feed level was set to 0.5% throughout 
the entire run. A comparison of Hgures 5 and 4 shows me benefits of performing me 
runs over a catalyst which has been "pre-dried". Tne inidal starring condition of the 

90-1 10 seconds in me first tun, while when the catalyst has been "dried" in a flow of air 
before the second run. the light-off occurs almost insundy. Tne same improvement in 
light-off performance has been seen when the catalyst has been heated .0 200'C in 
nirrogen and then cooled down before starring an experiment. Comparison of F.gur« 
4 and 6 show the advantages of increased CO levels in the feed a, sun-up. In Hgure 
6. where a much lower amount of CO has been used a. sun-up (an amount insufficient 
for the exothermic reaction itself to generate enough heat to raise the temperature of the 
catalyst to dre hydrocarbon light-off temperature). CO light-off is sigmficandy delayed 
rdarive » that in Figure 4. Mom importantly than the delayed CO light-off is the effect 
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that this has on hydrocarbon light-off, which now occurs at approximately 170-200 
seconds into the test. This demonstrates that the mechanism of the almost instant 
hydrocarbon light-off shown in Figure 4 depends on the high CO level and almost instant 
CO conversion: the high temperature generated in the catalyst due to the high rate of the 
exothermic CO oxidation reaction leads to temperatures which exceed the hydrocarbon 
light-off temperature. 



EXAMPLE 3 AND COMPAR ATIVE fya MP IiF a 

The effect of CO feed level on the rate of the CO oxidation reaction was 
examined under lean conditions (5% 0 2 , 1-4% CO) for the comparative (Comparative 
Example 3) and present (Example 3) catalysts described in Example 1 and Comparative 
Example 1, though the catalysts were employed in powder form (not coated on a 
monolith). The results are summarised in the Table and in Figures 7 and 8. As can be 
seen from Hgure 7, the comparative catalyst exhibits negative order CO kinetics for CO 
oxidation, meaning that increasing the amount of CO in the feed leads to a decreased 
rate of CO oxidation at feed levels of 1-4%. However, as shown in Figure 8, the present 
catalyst exhibits the reverse, positive order kinetics. The reaction order for these two 
catalysts has been estimated, and as shown in the Table is positive for the present 
catalyst and slightly negative for the comparative catalyst. This is an important 
desideratum for a catalyst to light-off high levels of CO in an exhaust stream. 
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Catalyst CO reaction order 

Comparative -0.3 
5 Present 0.5 

EXAMPLE 4 AND r OI^PARATTVF EXAMPLES 4-6 

Tests of light-off performance for the comparative (Comparative 
10 Examples 4 and 5) and present (Example 4 and Comparative Example 6) catalysts 

described in Example 1 and Comparative Example 1 have been performed on a petrol- 
fuelled 2 litre Ford Contour car. The volume of catalyst and monolith was 0.7 litre. The 
washcoat (catalytically active material plus support) loading was 3g per cubic inch 
(0.1 8g per cubic cm). The catalysts have been tested in a United States Federal Test 
15 Procedure (FTP) test in the front underfloor position. Figures 9 and 10 show the 

performance of the comparative catalyst during test 1, in which the standard start-up 
strategy was utilised. The normal configuration of this automobile is rich start-up. 
Figure 9 shows feed gas (pre-catalyst) and tailpipe (post-catalyst) CO levels in terms of 
g/s. As can be seen from this plot, the CO light-off occurs at about 40 seconds into the 
20 test. Figure 10 shows the results for hydrocarbons, with the light-off again occurring 

at about 40 seconds into the test. Figures 1 1 and 12 show the same catalyst in a second 
test in which the amount of CO in the feed gas has been increased significantly (the O, 
level was also increased, in order to keep the same stoichiometry as in the test whose 
results are shown in Figures 9 and 10). In between test 1 and test 2, dry nitrogen was 
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btown over «he ca,aly S , i„ orde , t0 ^ catalys , Aj can bc ^ ^ ^ j j 

and 12, there is vimrally no advance seen due , 0 me higher tale, CO levels and Ure 
drying „, the catalyst Tne ligh.-of, times for eacn of ^ fc ^ 

unchanged. Figures ,j and M snow ^ fca „ ljgh[ . off 

Exampte 6) of the present catalyst using the nom*, engine srart-up, except dta, an 
additional air source has been attached in order to ensure lean conditions over the 
catalyst at aan-up. Tins experimen, is the four* in a series, so the cattlys, has aiready 
undergone the "drying" rreatatent described above. These Ftgures show an 
improvement in emissions compared to the resuhs for the comparative cataiyst shown 
in Figures 9-12, thus indicating the advantages of the p reS en, cahdys, under raese stan . 
upcondition, Figu re s 15 and ,6 show the perfomtance (Exampie 4, of this catalyst 
in the FTP test where additiona, CO and 0 2 have teen injected over me catalys, as 
described above. Here, a marked advance in both CO and hydrocarbon ligh ,-off is 
observed as a result of die higher levels. 



Teas of me Bghl-off performance of me pmsen, catalys, as described in 
Example 4 wid, and wi,hou, a combination of a wa,er nap and a hydrocarbon ffap have 
been performed on a Ford Contour. The 1 M „ stan . up witn enhanced m ^ 
a, Ure end of Example 4 was empioyed. Figures 17 and 18 show ,he results (Example 
5) from ,es, 1. in which ,he front nnderfioor position is occupied by a bare monotint and 
the rear underfloor position is occupied by ,he presen, ca,a.y S ,. ^ aBam 
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performance of the present catalyst is again shown (this is the second run in a series, and 
thus is following the drying procedure discussed in Example 4). It is evident from 
Figure 18, however, that in the first 10 seconds of the test the hydrocarbon is not 
converted. This is because the catalyst has not yet heated up enough to convert the 
5 hydrocarbons in the first 10-15 seconds. Figures 19 and 20 show the results (Example 

6) from test 2, in which the front underfloor position now contains a half-size brick 
coated with zeolite 5A (a desiccant material) followed by half-sized brick coated with 
ZSM5 ( a hydrocarbon trap). The rear underfloor position again contains the present 
catalyst. The excellent performance for CO oxidation is again shown in Figure 19. 
10 Figure 20 shows that the hydrocarbon trap effectively reduces the hydrocarbon 

emissions in the first 10-15 seconds of the experiment 

JE ^ ANn COMPAR ATTVF EXAMPLE 7 
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20 



The temperature of the catalyst has been measured (in Comparative 
Example 7) during test 2 of Comparative Example 5, in which the comparative catalyst 
occupies the front underfloor position, and additional CO has been added to the exhaust 
feed. These results are shown in Figure 21. It is clear that the catalyst "mid-bed- 
temperature remains below the catalyst inlet temperature (measured at a point just in 
front of the front underfloor position) throughout the first 35 seconds. The relevant 
temperatures have also been measured (in Example 7) during test 1 of Example 5, in 
which the present catalyst has been used in the rear underfloor position and a blank brick 
occupies the front underfloor position. These results are shown in Figure 22. The inlet 
temperature, which is still measured at the inlet to the front underfloor position, 
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virtually idtntical to to shown i„ Fi gure 21 „ , 

■Sure 21. The Mce for ^ ^ 

Posttion, which „ now „, yIfc ^ sinjiar (o ^ ^ ^ ^ ^ ^ 
caulyst ^ Emperawre (before ^ ^ ^ ^ ^ ^ 

Mrocarton cotnhnsdon over dre caalysB . ^ ^ Kmperaiure ^ ^ ^ preKn| 
^^^"^.^^^^^^ 

for catalyst performance. 



EXAMELE& 



Tacrine p,ad„u m hyd™,^ ^ „ ^ ^ ^ ^ ^ ^ 
o*de. which « 70% ^ and 30% ^ by ^ ^ ^ ^ wanned g e„d y 

™e resuhins catalyst was « and 2*P, This catalyst was then eoated onto 

n»nohth suostrares a. a loadin, of 3g/in s (0J W) , ^ ^ ^ ^ ^ ^ 
floorposido, of dre Pord Con,oa,. PTP rests were ran wid, dre enhanced COand . 

~„o f COandh^ar b o„asare,do„o f d m ea.s 1 a n .„ pfortwoconsccmjvc 
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runs. It can be seen from Figure 23 that CO conversion is above 90% practically 
immediately, and remains high throughout the first 250 seconds of the test. Figure 24 
shows that hydrocarbon conversion remains high throughout the crucial start-up phase 
of the test. Outstanding low temperature light-off behaviour has been achieved. 
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CLAIMS 



An engine having exhaas, apparatus c „ ^ ^ ^ 
appamtus conchas a CO oxidadon catalyst ,„ co . vert m „ ^ ^ ^ ^ ^ 

hydros „ fc exhaust gas Iravi „ g fc engjne io ^ waBr ^ ^ ^ 

oxygen, by—, the exhaust gas co-**, the 00 and hyd^bon ^ fc 
oxidadon catalys, and simullanrously „ ^ ^ ^ 

wherein te oo oxidadon cata,ys, is of ^ for ^ ^ 

M-gen be.ow ambient temperature und „ ^ ^ ^ ^ ^ ^ 
exhaust appa™ a. adapted » ^ on starting ^ ^ ^ ^ 
exhaust gas contacdng the CO oxidado, cata.ys, contains ^ ^ ^ 

suffioent CO and/or hydrogen that the exothermic reaction of .„ 

icrmrc reaction of the oxygen wirh the CO 

and/or hydrogen generates enough heat to rai<* , 

gn neat to raise the temperature of the CO oxidation 

cataiys, from amhian. temperantre to a, leas, the Bg h.-o ff temperature of me 
nydrocasbon oxidation cata,ys, so that the hydrocarbon oxidadon catalyst . „ . 



2. 



An engine according to Cairn 1 wherein the exhaust gas contacting the 
CO oxidadon catalyst coatains sufficient oxygen ,ha, substantially all the CO and/or 
hydrogen in the gas is reacted by the CO oxidadon catalyst. 



3. 



Aa engine according ,„ cairn , or 2 wherein the CO oxidation catalyst 
is also the hydrocarbon oxidadoa catalyst. 
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An engine arson** » « « - — ' 3 *" °° 

An engine according » any one of rhe prece^ng ciaims wherein .he CO 
o^nca^con^sesacn^s^ich.or^ff^-^CO^ 

h ^o„ he,ow anroien, — — —~ - " 

^..eca^^gane-aHig— herweendaenohfeme^ 
^^n.^o^P^-^^ou.H^ogen^o.p.e.^nU.ex^ 

- ™ ,h P metal oxide surface at a temperature lower 
the formation of anionic vacancies on the metal 

.tin. catalyst without hydrogen reduction pre-treatment, 
than does the corresponding catalyst, w 

. nf ,he metal oxide particles and noble metal particles and 
containing the same amount of the metal oxioe P 

• th. metal oxide particles with noble metal precursor and 
prepared by impregnating the metal oxioe p 

calcining to convert the precursor to the noble metal particles. 



15 



20 



An engine according to Cain, 5 where.n me merai oxide comprises one 



or more 



of CeO ; , Zr0 2 , TiO, and SnO,. 



An e„g*e according to any one of die preceding ciaims wherein *e CO 
oxidadon ca.a.yst comprises one or bod, of piadnum and paUadium. 

An engine according to any one of me preceding Cairns wherein me 
exhanatapparamsconminsaisoacaraiystroredacemnogen oxides in me eahans, gas 

to nitrogen. 
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An engine according to any one of the preceding , ■ 
exhaust apparatus contains aiso a hydroearhon tr ^ * 

— « wr tempe _ j ~ z ; ch - — h fc 

COoxidationcatalys, ^temperatures to contact the 



An engine according to c]aim 9 where . n 
a zeolite. ^ocaroon trap comprises 



An engine according to any one of ^ . 
catalyst 35 ^ adsorbed °" the 



i2 An engine according to claim 11 wherein n. 



13 

An engine according to any one of rh. 



14 An engine according to claim 13 wherein th, 

^e Sapmploprovideastream J-"— — yst 

engine. """'^ afEr •» *. 
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15. 



An engine according to any one of the preceding claims wherein the 
exhaust apparatus contains also a water trap to trap water on starting the engine at 
ambient temperature before the water can contact the CO oxidation catalys, 

16 . An engine according to any one of the preceding claims wherein the 

exhaust apparatus contains also at least one separate, three-way, catalyst, to convert CO 
in the exhaust gas to CO, by reaction with oxygen, hydrocarbon in the exhaust gas to 

CO, and water by reaction with oxygen, and nitrogen oxides in the exhaust gas to 

nitrogen. 



17. 

a vehicle. 



An engine according to any one of the preceding claims which is <har of 



,g. An engine according to claim 17 wherein .he exhans. appararus comaurs 

carafysr in order to hear the interior of die vehicle. 

19 . An engine according 10 claim 17 or 18 wherein rhe exhans. appararus 

contains also means <o nse me he, from me exhans, ga S afar i, comae* me 
hydrocarbon oxidadon caurlys, in order » hea, me interior of the vehicle. 

20 An engine according to any one of the preceding claims wherein a 

temperatore measuring device measures .he remperature of me CO oxidadon catalys, 
or .he hydrogen oxidadon ca.lys., and this device is linked ,0 and controls a display 
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which indicates the performance of the catalyst in ft, 

S reaCt,0n as determined by the 
-perature measured by the temperature ^ 

A method of converting CO and hydrocarbon in the exhaust fi as of 
enpiro* frk . & cjuiaust gas of an 

:r Kd s ° - - — — «— — fc 

hydrogen to fte „ _ „ f fc ^ ^ ^ - 

generates enough heat tn • , "yorogen 

8 heat to raise the temperature of the m n -. • 
— n tt e mperaluretoatleasltheIighto 00 *« 

- .a, hydrocarbon o T ~" " 

yarocarbon oxidation catalyst is at =, 
liehr n« ♦ temperature of at least the 

light-off temperature of the hydrocarbon 

"yarocarbon oxidation catalyst 
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